Osteoarthritis (OA) is the most common form of arthritis and has multiple risk factors including joint injury. The purpose of this study was to characterize the histologic development of OA in a mouse model where OA is induced by destabilization of the medial meniscus (DMM model) and to identify genes regulated during different stages of the disease, using RNA isolated from the joint ''organ'' and analyzed using microarrays. Histologic changes seen in OA, including articular cartilage lesions and osteophytes, were present in the medial tibial plateaus of the DMM knees beginning at the earliest (2 week) time point and became progressively more severe by 16 weeks. 427 probe sets (371 genes) from the microarrays passed consistency and significance filters. There was an initial up-regulation at 2 and 4 weeks of genes involved in morphogenesis, differentiation, and development, including growth factor and matrix genes, as well as transcription factors including Atf2, Creb3l1, and Erg. Most genes were off or down-regulated at 8 weeks with the most highly down-regulated genes involved in cell division and the cytoskeleton. Gene expression increased at 16 weeks, in particular extracellular matrix genes including Prelp, Col3a1 and fibromodulin. Immunostaining revealed the presence of these three proteins in cartilage and soft tissues including ligaments as well as in the fibrocartilage covering osteophytes. The results support a phasic development of OA with early matrix remodeling and transcriptional activity followed by a more quiescent period that is not maintained. This implies that the response to an OA intervention will depend on the timing of the intervention. The quiescent period at 8 weeks may be due to the maturation of the osteophytes which are thought to temporarily stabilize the joint.
Introduction
Osteoarthritis (OA) affects over 27 million people in the United States and is similarly prevalent across the globe, making it the most common cause of chronic disability in adults [1, 2] . There are a number of well established risk factors for OA that include age, obesity, prior joint injury, genetics, joint anatomy, and occupational history related to joint use [3] . Current treatments for OA are limited and no treatment has been conclusively shown to alter disease progression. A better understanding of the biological factors which drive disease progression, particularly early-stage disease, is needed in order to develop more targeted therapies to stop or slow progression.
Studies of human OA are limited by its multifactorial nature, the lack of tissue that can be obtained at various stages of the disease and difficulties in defining disease onset. Basic mechanistic studies often are performed with tissue obtained at the time of joint replacement, which represents end-stage disease. These studies have focused largely on changes present in the articular cartilage; however, OA is a condition that affects the joint as an organ including not only the cartilage but also subchondral bone, synovium, ligaments and, in the knee, the meniscus (reviewed in [4] ).
Various animal models of OA have been developed in order to study the disease process under more controlled conditions where disease onset and stages of progression can be better defined and evaluated. A commonly used model in mice is the destabilized medial meniscus (DMM) model where OA is surgically induced by transection of the medial meniscotibial ligament. In this model, OA results from altered joint biomechanics and the pathologic changes of cartilage destruction, subchondral bone thickening, and osteophyte formation are similar to the changes seen in human OA [5] . We recently used this model to compare the changes in OA severity and gene expression in young and older adult mice at a single time point of 8 weeks after DMM surgery [6] . The severity of OA changes in the joint of the older adult mice (12 months old at the time of surgery) was about twice that of the younger adult mice (12 weeks old at surgery) and significant differences were noted in the genes that were up and down-regulated at that time point.
The present study was designed as a time-course experiment to evaluate changes in gene expression during the development of OA and to compare these changes to the histologic progression of the disease. The recently reported comparison of gene expression at the 8 week time point in young adult and older adult mice [6] was a sub-study of the present work, but because of the lack of sufficient numbers of older animals the time course study only includes the young adult mice. Similar to the previous report, the histological assessment and the gene microarray analysis were designed in a manner which considered OA as a disease of the joint as an organ and, thus, were not limited to a single tissue within the joint. The general hypothesis was that different stages of the disease process would be characterized by unique gene expression signatures. Knowledge of the biological processes regulated by these genes could provide new information about the OA disease process. The results demonstrated progressive histological changes of OA beginning within two weeks of DMM surgery and progressing over the 16 week time course. These were accompanied by phasic changes in gene expression, with the peak number of up-regulated genes found at 4 weeks after induction of OA, a significant decline in expression at 8 weeks, and an increase again at 16 weeks with different clusters of genes being more prominent at each time point.
Materials and Methods

Animals and surgical induction of OA
Male C57BL/6 mice (n = 129) were purchased from Charles River Inc. and were 12 weeks of age at the time of DMM surgery or sham surgery performed as a control. Animal use was carried out in strict accordance with the recommendations in the Guide for the Care and Use of Laboratory Animals of the National Institutes of Health. The protocol was approved by the Wake Forest School of Medicine Animal Care and Use Committee (protocol #A09-622). All surgery was performed under isoflurane anesthesia, and all efforts were made to minimize suffering. Butorphanol (2.5mg/kg) was administered in the event of pain.
Details of animal housing and induction of OA have been recently published [6] . Mice were operated on in waves and at the time of surgery were randomly assigned to a surgical group and termination time point so that the date when the surgery was performed would not influence the results. For the present study, a group of 9 mice was used for collection of RNA at time 0 (before surgery) when the animals were 12 weeks old. For the other time points, 6 DMM and 6 sham controls were sacrificed at 2, 4, 8, and 16 weeks after surgery for histological analysis and 9 DMM and 9 sham controls were sacrificed at each time point for RNA isolation. As noted above, the histological sections and RNA used for the 8 week time point were from the same samples as those previously reported [6] but here were reanalyzed as part of the time course study.
Histological analysis
Hind limbs from both the operated side and the contralateral side of each animal were dissected and processed for histological analysis. The details of fixation, processing, and sectioning, as well as the histological analysis, were as recently published [6, 7] . In brief, hematoxylin and eosin and safranin-O mid-coronal sections of each stifle joint were obtained and representative sections from each joint graded by an evaluator (MAM) blinded to group assignment. The evaluation included the Articular Cartilage Structure (ACS) score (0-12), Safranin-O (Saf-O) staining score (0-12), articular cartilage thickness and area,% chondrocyte cell death, subchondral bone area and thickness, and osteophyte total area. Because the most severe changes were consistently found on the tibial side of the joints, the analysis was focused on the tibial plateaus. Synovitis is only apparent in severe disease in this model and given the lack of sufficient numbers of severe samples there was no attempt to score synovial changes.
Immunohistochemistry was performed on sections from 3 DMM and 4 sham control mice at the 16-week time point in order to examine tissue distribution of type III collagen, fibromodulin and proline-arginine-rich end leucine-rich repeat protein (Prelp). Antigen retrieval and blocking steps were as recently described [6] . Primary antibodies were acquired from Abcam Inc (Cambridge, MA) and included rabbit polyclonal antibodies to Collagen III (ab7778), Prelp (ab103868), and fibromodulin (ab81443). Secondary antibodies and detection were as described [6] . Immunostained sections were graded for cell and matrix staining using a scale of no immunopositivity (2) to marked immunopositivity (++++).
RNA preparation and microarray analysis
Knee joint tissue from the medial joint compartment was obtained from the time 0 group and the operated hind limbs from the other time points and processed for RNA isolation as described [6] . The tissue included tibial plateau and femoral condyle articular cartilage, subchondral bone with any osteophytes, meniscus, and the joint capsule with synovium. The tissue was treated with RNAlaterH (Invitrogen) prior to freezing and storage at 280uC. RNA was extracted by homogenization using the Precellys 24 tissue homogenizer (Bertin Technologies purchased from MO BIO) as described [6] and the amount and quality of the RNA was determined using an Agilent 2100 Bioanalyzer.
RNA was pooled prior to microarray analysis such that 3 randomly selected samples from each surgical group and time point were pooled to create a each biological replicate. Because 9 mice were used for each experimental group, a total of three biological replicates per group were analyzed using the Affymetrix Mouse Genome 430 2.0 oligonucleotide arrays as described [6] . One replicate pool, which was from week two DMM mice, did not meet the RNA integrity level needed for microarray analysis; thus, this pool was not analyzed further, leaving two pools for the week two DMM mice.
Normalization and processing of microarray data
Microarrays were imaged and the resulting data normalized using systematic variation normalization (SVN) as previously described [6, 8] . Reported data included the log 2 of the signal intensity and the Affymetrix detection p-value for each probe set. Because some genes had more than one probe set, we provide results for both numbers of genes and probe sets when the numbers differed. The complete dataset has been provided to the Gene Expression Omnibus (GEO) repository (accession number GSE41342). Relative gene expression in the samples collected from the sham-operated control animals was calculated to identify those genes that changed as the animals aged over the 16 week time course independent of DMM-induced OA. For this analysis, sham gene expression was calculated as the signal log ratio (SLR) of the average time 0 intensity (baseline un-operated controls) to each sham replicate pool for each time point. The average of the time 0 intensity was used to ensure a consistent baseline, and each biological replicate of the sham arrays was analyzed individually to allow biological consistency to be measured in the analysis. The SLR is the log 2 of the fold change and so an SLR of 0.5 = 1. 
Filtering and clustering of microarray data
Relative gene expression for the sham time course and DMM time course was filtered for differentially expressed genes with consistent expression changes over time as previously described [9] with a few alterations. Briefly, both data sets were filtered in a stepwise fashion as illustrated in Figure 1 . Replicate time courses were filtered individually in the first two steps to identify those transcripts that were significantly detected on the chip over background (detection p-value , = 0.06 for all time points and control), and for those that were differentially expressed in at least one time point (SLR $0.5 or #20.5 which converts to $1.4-fold and #21.4-fold). These data sets were intersected to identify those probe sets that passed the first two filtering steps independently in all replicates. Finally, transcripts were filtered for consistency of expression pattern (Pearson's correlation; PCC) and magnitude (Euclidean distance; ED) over time. An all-by-all comparison was done for each replicate time course profile resulting in 3 PCC and 3 ED scores for each probe set. Requiring all 6 scores to pass selected criteria was found to be too strict (data not shown). Therefore, only 2 of the 3 PCC and ED scores were required to pass selected cutoffs: PCC . = 0.70 (a standard statistical threshold for positive correlation) and ED , = 0.60 or , = 0.81 for the DMM and sham time courses, respectively (the median ED score for each data set). Additionally, due to the missing 2-week DMM data for one of the replicates, all PCC and ED comparisons with this time course were done using only the 4-, 8-and 16-week time points. Probe sets passing all filtering criteria were considered to have been consistently and significantly expressed.
Filtered DMM time course gene expression data were clustered using the updated consensus clustering option provided by version 3 of SC 2 ATmd [10]-sham time course data was not clustered in this work. The option to perform consensus clustering using a threshold to identify genes that cluster together less than 100% of the time was added to SC 2 ATmd's functionality since its original release. This was implemented by converting the consensus matrix to an adjacency matrix and then using MATLAB's depth first search algorithm to identify consensus clusters. A figure of merit (FOM) analysis was run to determine the optimal number of clusters present in each replicate data set and to identify which clustering algorithm formed the most homogeneous clusters with respect to Euclidean distance [9, 11] . As determined by the FOM analysis, consensus clustering was run using 10 starting clusters with k-means as the clustering algorithm and Euclidean distance as the distance metric. Each replicate data set was clustered 10 times, and a consensus over all 30 runs was calculated. Performing more than 10 iterations on each replicate did not significantly improve cluster homogeneity (data not shown). Probe sets clustering together 83% of the time were identified as a consensus cluster.
Increasing or decreasing this threshold resulted in small clusters with many singletons or large clusters that were uninformative, respectively; thus, the 83% threshold was chosen as an acceptable balance between these two extremes
Annotation analysis
Annotation enrichment analysis was performed using the Database for Annotation, Visualization, Integration and Discovery (DAVID) [12, 13] . The Functional Annotation Clustering tool provided by DAVID was run using the Affymetrix Mouse 430 2.0 chip as background, with all other options left at their default settings. Annotations of clusters were considered significant if the Enrichment Score was greater than or equal to 1.3 (equivalent to a p-value , = 0.05). After data normalization, SLR values were calculated as described in the methods, and replicate pools were randomly paired to obtain 3 complete time coursesreferred to as Rep 1, Rep 2 and Rep 3. The first 2 filtering steps were done for each replicate independently, and identified probe sets that were significantly detected on the chip (detection p-value filter; all pvalues , = 0.06) as well as significantly differentially expressed (SLR filter; SLR was , = 20.5 or . = 0.5 for any one time point). The overlap filter intersected all three filtered lists to identify the set of probe sets that passed the first 2 filtering steps independently in all replicates. Finally, probe sets were filtered for consistency in pattern (PCC score) and magnitude (ED score) of expression over time across all replicate time courses (consistency filter), where 2 of the 3 PCC scores had to be . = 0.70, and 2 of the 3 ED scores had to be , = 0.60. Those probe sets passing all filtering criteria were considered consistently and significantly differentially expressed across the time course in all 3 biological replicates, and were used for further analysis. Results of this process on each of the data sets described in the text can be found in Tables S1  and S2 . doi:10.1371/journal.pone.0054633.g001 
Real-time PCR
Real-time PCR was performed using samples of RNA from the same pools used for the microarrays as previously described [6] using the SYBRHGreen-based method with optimized primer sets obtained in the RT2 qPCR Primer Assays (SABiosciences/ Qiagen) and with TATA box-binding protein (TBP) used to normalize relative expression.
Statistical analysis
Analysis of the microarray data is presented above. The histological data and the real time PCR data were found to be normally distributed. Histological data from both the lateral and medial tibial plateaus was evaluated using ANOVAs (intra-animal comparisons) and repeated measures analyses (inter-animal comparisons) using SPSS version 17.0 (IBM Corp, Somers, NY). The real time PCR results at each individual time point for sham controls and DMM animals were analyzed using t tests with StatView 5.0 software (SAS, Cary, NC).
Results
Histologic progression of joint tissue changes induced by DMM surgery
The sham operated joints and the contralateral control (nonoperated joints from sham and DMM animals) demonstrated minimal to no pathological changes over the 16 week time course. Among the earliest changes observed in the DMM joints at 2 weeks after surgery were abaxial osteophytes in the medial tibial plateau. Osteophytes were primarily cartilaginous at 2 weeks, were ossified at 4 weeks, and were composed of trabecular bone that contained marrow spaces occupied by hematopoietic tissue at 8 and 16 weeks ( Figure 2A , B, C, D). Interestingly, the crosssectional area of the osteophytes did not change significantly from 2-16 weeks ( Figure 2E ). Much smaller and more variable axial osteophytes were noted on the lateral tibial plateaus but, unlike the medial abaxial osteophytes, their size was not significantly different among the three groups until 16 weeks after surgery, when they were significantly larger in the DMM relative to the sham and contralateral control joints ( Figure 2F ).
There were mild articular cartilage lesions noted at 2 weeks in the medial tibial plateaus of the DMM joints, resulting in an increase in the articular cartilage structure score and an increase in the Saf-O scores relative to sham and contralateral control joints at this time point ( Figure 3 ). The articular cartilage structure scores increased progressively over the 16 weeks in the DMM joints while the Saf-O scores remained more stable over time. At 16 weeks, there was a mild increase in the articular cartilage structure score at the lateral tibial plateau in the DMM joints but the mean score was less than half of that seen in the medial tibial plateau ( Figure 3G) . No significant differences were seen among the groups or time points for Saf-O scores in the lateral tibial plateaus (data not shown). In addition, there were no significant differences in articular cartilage thickness over the course of the study in any of the groups (data not shown).
Chondrocyte death in the medial tibial plateau articular cartilage was significantly increased at 4 weeks in the DMM and sham joints relative to the non-operated controls, and increased further in the DMM joints at 8 and 16 weeks ( Figure 4A ). Dead chondrocytes also were apparent in the lateral tibial plateaus at week 16 but the area occupied by dead chondrocytes was less than half that in the medial tibial plateau, nor was there a difference in this parameter among the surgical groups at any time point ( Figure 4B) . We have recently published evidence for chondrocyte death in the DMM model at 8 weeks after surgery including findings of positive TUNEL staining consistent with apoptosis [14] ; thus, the mechanism of cell death was not pursued in the present study.
The subchondral bone was thicker in the medial tibial plateau than the lateral tibial plateau in all three groups and at all time points ( Table 1) . At all time points, the subchondral bone thickness and area were larger in the medial tibial plateau of the DMM group than in the other two groups, although this difference was only significant at the 4-week time point. In all groups, there was a gradual increase in subchondral bone thickness and area over the 16 weeks of the study.
Changes in gene expression over time in the sham control joints
To detect changes in gene expression occurring over the 16 week time period of the study that could be due to aging of the animals, we analyzed the gene expression results in the sham joints relative to the time 0 baseline. Filtering of the data revealed 347 genes (406 probe sets) significantly and consistently regulated over time in the sham joints. A complete list of these genes is provided in File S1. The 2-week time point had the largest number of upregulated genes and this was followed by a progressive decrease in expression of the majority of genes over the 16 week time course ( Figure 5A and 5B). The set of 347 genes was analyzed by DAVID's Functional Annotation Clustering tool [12] , which identified 36 groups of significantly over-represented annotations with enrichment scores $1.3 (File S1). Most of the annotations were related to signal peptide, extracellular matrix, development, differentiation and morphogenesis, consistent with a maturation process occurring over the 16 week time course.
A small subset of 25 genes remained up-regulated over the time course (File S1). Functional Annotation Clustering was performed on this subset of genes, and only one group of significantly overrepresented annotations was identified. This group of terms included plasma membrane, glycoprotein, immune response, and cell surface linked signal transduction terms.
Gene expression in DMM joints relative to sham controls
The time course results for changes in expression in the DMM joints relative to time-matched sham joints revealed 371 genes (427 probe sets) that were significantly and consistently regulated over the three biological replicates (File S2). Examination of a heat map of these genes as well as the SLR distributions ( Figure 6A and 6B) reveals a phasic pattern. The majority of genes were upregulated at 2 and 4 weeks followed by reduced expression or down-regulation at 8 weeks and then some increase in expression at 16 weeks although not to the level of weeks 2 and 4.
These results were much different from the time course results noted in the sham joints, consistent with changes in gene expression due to induction of OA by the DMM surgery. An overlap analysis revealed 94 genes (97 probe sets) that were in common in the DMM/sham and sham/baseline control datasets ( Figure 7A and File S3). Many of these were extracellular matrix genes including Prelp, fibromodulin, several collagens (Types IV, V, XII, XVI, and XXII), and biglycan. A heat map revealed that Histomorphometric measures included the size of the abaxial osteophytes on the medial plateau (E) and axial osteophytes on the lateral plateau (F) for the DMM, sham, and contralateral control groups as indicated. **p,0.0001 vs sham and control; *p = 0.02 vs sham and control by ANOVA. doi:10.1371/journal.pone.0054633.g002 almost all of these genes displayed very different expression profiles. Most were down-regulated over time in the sham controls but up-regulated in the DMM joints, particularly at 2 and 4 weeks ( Figure 7B) . Of the 94 genes in common between the DMM and sham joints, almost all were up-regulated in the DMM joint, with the exception of three: H2afz (predicted gene 6722///H2A histone family, member Z), Alms1(Alstrom syndrome 1), and Adhfe1(iron-containing alcohol dehydrogenase), which were down-regulated in the DMM joints. These genes do not have any known role in joint development or in OA.
The 94 genes in common between DMM/sham and sham/ baseline were analyzed by DAVID. This returned 10 significant annotation groups (File S3) that included terms such as extracellular matrix, cell adhesion, collagen, skeletal development, EGF-like domains, fibronectin, leucine rich repeats, and endoplasmic reticulum.
Consensus clustering of the genes regulated during the development of OA in the DMM joints Consensus clustering of genes with altered expression after DMM surgery identified 27 clusters with 2 or more probe sets and 38 genes (39 probe sets) that were classified as outliers (singletons). The complete list of the genes found in each cluster and the DAVID analysis for the clusters are found in File S2. Heat maps of the largest 16 clusters are shown in Figure 8 and reveal striking differences in the temporal patterns of gene expression over the 16 week time course. The significant annotations for these clusters from DAVID analysis are shown in Table 2 .
Only clusters 5, 7, 10 and 12 exhibited significant downregulation at specific time points. Cluster 5 contained genes downregulated at week 4; cluster 10, genes down-regulated at weeks 4 and 8; and clusters 7 and 12, genes down-regulated at week 8. Cluster 5 genes were not associated with any significantly overrepresented annotations, but this cluster of 27 genes (32 probe sets) included Cytl1 (cytokine-like 1), which has been shown to be expressed during chondrogenesis and to promote chondrocyte differentiation through stimulation of Sox9 transcriptional activity [15] . Cluster 10, also down-regulated at week 4, with continuing down-regulation in week 8, contained 11 genes. No functions were significantly over-represented in this cluster and none of these genes were associated with osteoarthritis in the literature. Cluster 10 contained a phosphatase, several kinases and four genes whose function involves nucleotide binding. Clusters 7 and 12, both down-regulated at week 8, consisted of 19 and 11 genes (21 and 11 probe sets), respectively. Significantly over-represented annotations identified by DAVID in cluster 7 included mitotic cell cycle, cell cycle process, cell division, and cytoskeleton. S100b, which had been used in the past as a marker for chondrogenesis [16] was in this cluster. Over-represented annotations in cluster 12 all involved carbohydrate metabolism.
Significant up-regulation of gene expression at 16 weeks was seen in clusters 15 and 16, both of which also exhibited high upregulation at week 4. Cluster 15 consisted of 7 probe sets covering three genes; Prelp, Col3a1 (collagen, type III, alpha 1), and Fmod (fibromodulin). Prelp and fibromodulin were also present in the DMM/sham-Sham/baseline overlap gene list reported above, where they were found to be highly down-regulated at 16 weeks in the sham joints; however, these genes were highly up-regulated in the DMM joints. Cluster 16 was comprised of four probe sets, representing 3 genes: Col14a1 (collagen, type XIV, alpha 1), Bgn (biglycan), and Fbln7 (fibulin 7), all associated with the extracellular matrix. Col14a1 was identified in a microarray analysis of human tissue [17] ; while Bgn was previously associated with chondrogenesis and extracellular matrix turnover in osteoarthritis [18] .
Genes in clusters 3 and 11 displayed temporal profiles of upregulation only at 4 weeks, with little significant change in expression from control at any other time point. Cluster 3 contained 45 genes (48 probe sets), with significant annotations that included regulation of transcription, DNA binding, regulation of RNA metabolic process, zinc ion binding, and transcription. Potential genes of interest were NFkB activating protein, Atf2 and Erg. Cluster 11 was composed of 11 genes, which exhibited no significantly over-represented functions. One of the genes in this cluster was Asb13, an ankyrin repeat and SOCS box-containing protein.
Clusters 1, 2, 4, 9, and 14 contained genes that exhibit strong up-regulation at 4 weeks, with less up-regulation at 2 weeks. Cluster 1 contained 48 genes (54 probe sets) representing genes whose significant annotations include embryonic organ morphogenesis, positive regulation of cell differentiation and developmental process. This cluster included several genes thought to be involved in joint biology and/or OA including syndecan 4, Bmp-1, and Timp-2. Cluster 2 contained 39 genes (52 probe sets) for genes also up-regulated at 2 and 4 weeks. The cluster included overrepresented annotations for collagen, signal peptide, extracellular region, extracellular matrix, cell adhesion and glycosaminoglycan binding. Genes of potential interest in this cluster included collagen genes such as Col5a1 and Col16a1, growth factor-related genes such as Igf1 and Egfr, MMP-14, and biglycan. (Note, biglycan is represented by three probe sets on this mouse chip, two of which are found in cluster 16 and 1 in cluster 2). Clusters 4, 9, and 14 contained 33, 16 and 8 genes (33, 18, and 8 probe sets), respectively. DAVID did not identify any function annotations over-represented any of these clusters. Cluster 4 genes included two glutathione peroxidases, Gpx7 and Gpx8, perhaps suggesting some redox-related event. Clusters 6, 8, and 13 also displayed the most up-regulation at week 4, but to a lesser extent than clusters 1, 2, 4, 9, and 14. Cluster 6 included 23 genes (24 probe sets) whose DAVIDidentified over-represented annotations included signal peptide, glycoprotein, cell adhesion, serine/threonine kinase signaling pathway, skeletal system development and growth factor activity. Genes of particular interest included TGFb2 and TGFb3, latent TGFb binding protein and Ddr2. Cluster 8 contained 19 genes for which the significant gene annotations included cell adhesion and contained COMP and Mmp13 which are thought to be important markers of the OA process. Cluster 13 included 9 genes for which there were no significantly over-represented functions. One of these, Enpp3, a pyrophosphatase, has been previously associated with osteoarthritis [19] .
Overall, the analysis of gene clusters based on the metrics of both shape and magnitude of the time profile provided insight into the temporal process of osteoarthritis development. Only a few genes were down-regulated as part of this process, and those were down-regulated mainly at 4 and/or 8 weeks. Many more genes were up-regulated and most of the up-regulated genes displayed up-regulation at 4 weeks, with lesser up-regulation at 2 and 16 weeks. The phasic process was clearly visualized in these clusters, with the gene expression at 8 weeks being significantly different from gene expression at the other time points. This difference was consistent across all replicates.
Tissue distribution of type III collagen, fibromodulin, and Prelp
Based on the results of the consensus clustering, we choose to immunostain for type III collagen, fibromodulin, and Prelp, in order to determine which tissues might be providing the signals noted by gene expression at week 16. A total of 3 DMM and 4 sham control mice were studied and representative images are shown in Figure 9 The tissue distribution of immunopositivity was similar between the two surgical groups; however, certain tissue types (e.g. fibrocartilage) were more prevalent in the DMM mice. Type III collagen immunopositivity was present in a pericellular distribution in articular cartilage and the meniscus and was located more diffusely in ligaments, the joint capsule, and the synovium as well as in the fibrocartilage located over osteophytes ( Table 3) . It was also present in the vascular endothelium. Fibromodulin immunopositivity was present in low numbers of articular chondrocytes, minimally in meniscus, and variably in synovium. Immunopositivity was more intense and involved more chondrocytes in fibrocartilage, notably over osteophytes, than in articular cartilage. Some bone marrow cells, including megakaryocytes also were positive. Immunopositivity for Prelp was present in ligaments (particularly at the site of ligamentous attachments to bone), periosteum, and fibrous connective tissue. Most chondrocytes were negative; however the A) The heat map illustrates that the majority of differentially expressed genes (427 probe sets for 371 genes) were up-regulated throughout the DMM time course, except for a small group of genes, which were down-regulated 4 and 8 weeks after surgery (see Figure 5A legend for heat map formatting details). B) The DMM time course exhibits a bi-modal distribution at 4 and 8 weeks after surgery, with the majority of genes being up-regulated at 4 weeks and not different from control at 8 weeks (see Figure 5B legend for formatting details). doi:10.1371/journal.pone.0054633.g006 matrix of degenerative cartilage and fibrocartilage was strongly immunopositive.
Real-time PCR results for selected genes
We selected a set of 16 genes to evaluate using RT-PCR based on genes tested in our previous study [6] where we had compared RT-PCR results at the 8 week time point in young and older adult mice. The average fold change in the DMM relative to sham controls for this gene set was highest at 4 weeks and lowest at 8 weeks ( Table 4 ) which was consistent with the overall pattern of the 371 genes found to be significantly regulated in DMM vs sham joints on the microarrays (Figure 6) . Genes with significant upregulation at 4 weeks included aggrecan, asporin, Ccl21, Cxcr7, Dkk3, Htra1, Igf-1, periostin, and Sfrp2. Looking across the time course, none of the genes examined were significantly up-or down-regulated in DMM relative to sham joints at all 4 time points; however, Ccl21, Cxcr7, Igf-1, and Sfrp2 were up-regulated at 3 of 4 time points. The two Wnt pathway regulators that were examined, Dkk3 and Sfrp2, were both significantly up-regulated at the early time points as was Col3a1. Unlike Dkk3 and Sfrp2, Col3a1 was also highly expressed at 16 weeks, consistent with the microarray results. Although type X collagen has been used as a marker of chondrocyte hypertrophy, which is thought to contribute to the development of OA, we actually observed a decrease in its expression at two weeks and no significant increase at the later time points. MMP-13 was increased at 2, 4, and 16 weeks in DMM relative to joints, as was noted on the microarrays, but due to variability among the 3 pools it did not reach statistical significance.
Discussion
Both the histologic and gene expression analysis support a phasic process for the development of OA in this model. The early phases at 2 and 4 weeks after DMM surgery were the most active in terms of gene expression at a time when the earliest cartilage lesions in the medial tibial plateau were very mild but abaxial chondrophytes had already formed. The chondrophytes matured to osteophytes as the articular cartilage lesions became more severe but, interestingly, this was accompanied by a significant decline in overall gene expression at the 8 week time point. In addition to the differences in overall gene expression, the findings from cluster analysis showed that each time point studied had a unique gene signature that also supports a phasic process.
Perhaps most striking was the decline in gene expression at 8 weeks after surgery. There was a significant down-regulation of genes regulating cell proliferation while matrix remodeling genes that were up-regulated at 2 and 4 weeks were mostly off, suggesting that a quiescent phase had been reached. However, at 16 weeks this pattern had changed and was accompanied by significant cartilage loss in the medial tibial plateau while cartilage damage and chondrocyte death was beginning to be evident in the lateral tibial plateau along with the appearance of lateral axial osteophytes. Because RNA for the gene arrays was only isolated from the medial side of the joint, the changes in gene expression observed at 16 weeks were not due to the disease progressing laterally but rather reflect more advanced disease medially. The lack of time points between 4 and 8 weeks and 8 and 16 weeks prevents any conclusions about the length of the quiescent phase.
The significant expression of Prelp, Col3a1, and fibromodulin at 16 weeks suggests that a matrix repair or a ''wound healing response'' was active. At 16 weeks, the articular cartilage from the DMM group had severe lesions in the medial tibial plateau with some loss of cartilage. This suggested that the signal at 16 weeks for these genes may have come from either early changes on the femoral side, since some femoral tissue was included for RNA extraction, or more likely, from other joint structures such as the meniscus, synovium, ligaments and subchondral bone. Immunostaining revealed that ligaments and the fibrocartilage found over osteophytes were common locations for all three proteins. These results are consistent with previous studies that examined the location and function of these proteins. Prelp is thought to play a role in matrix organization through interactions with collagen, as does the small leucine-rich proteoglycan fibromodulin [20, 21] . Deletion of fibromodulin in mice leads to OA, possibly via weakened ligaments and tendons [22] . However, a recent study that revealed a role for complement activation in OA demonstrated increased levels of fibromodulin in OA synovial fluid and found that fibromodulin could promote the activation of complement [23] . Overexpression of Prelp has been shown to disrupt normal collagen fiber formation in skin [24] and, in contrast to fibromodulin, it is an inhibitor of complement activation [25] . Thus, too little or too much fibromodulin and Prelp could contribute to OA.
Increased expression of type III collagen has been previously noted in human OA cartilage [26, 27] and it has been found in normal cartilage in fibrils containing type II collagen [28] . We noted a pericellular location for type III collagen in articular cartilage and the meniscus. It is not known what role type III collagen could have in the OA joint. In the set of 371 genes that were differentially expressed in DMM vs sham joints, we observed increased expression, at one or more time points, in a large number of collagen genes that are likely part of an attempted repair response. These included the alpha 1 chain of types III, V, XII, XIV, XVI, and XXII collagen and the alpha 2 chain of type IV collagen, along with the collagen processing genes, procollagen c-endopeptidase enhancer protein and procollagen-lysine, 2-oxoglutarate 5-dioxygenase 1.
The phasic changes in gene expression noted in the DMM knees were not the result of aging of the animals over the 16 week time course. Changes in gene expression were noted when we compared the 12 week old animals at baseline (un-operated) and the sham controls over the 16 week time course but these differed significantly from the changes in gene expression noted in the DMM relative to sham joints. This was seen in the overlap analysis where the changes over time in expression in the DMM joints were most often in the opposite direction to changes over time in the sham joints. This was most evident for Prelp and fibromodulin which were significantly down-regulated at week 16 in the sham controls but increased in the DMM joints. Interestingly, immunopositivity for both of these proteins was notably stronger and more extensive in fibrocartilage over osteophytes than in articular or meniscal cartilage. In addition, immunopositivity for Prelp was increased in degenerative cartilage matrix compared with normal cartilage. In the sham time course analysis, most genes exhibited an up-regulation of expression at 2 weeks followed by a progressive decline out to 16 weeks, compared to time zero. Many of these genes were involved in morphogenesis and development, suggesting the animals were more actively growing at the start of the study and then growth likely slowed. Importantly, the progressive increase in subchondral bone area and thickness were the only histologic measures that changed with time in all groups (control, sham and DMM).
We have recently reported a comparison of the 8 week time point results included in the present study with results from the same time point in animals that were 12 months-old at the time of DMM surgery [6] . The histologic OA severity in the older mice was about twice that of the younger mice and significantly more genes were up-regulated in the older mice. The 8 week comparisons suggest that the older mice develop OA more rapidly after DMM surgery than the younger mice, a result which could have contributed to the differences in gene expression at 8 weeks. A major difference between the young and older mice was in the expression of muscle related genes which were up-regulated in the older mice and either down-regulated or unchanged in the younger mice. Consistent with greater importance of the musclerelated genes in the older mice, we did not find significant annotations for muscle in the time course study using young mice. It would be of interest to do a time course study in the 12 monthold mice to determine if a phasic progression is also found. We did compare the DMM vs sham gene expression from the 8 week time point in the 12 month old mice to the other time points in the younger mice and found the most genes in common at 16 weeks (158 genes) suggesting more rapid progression in the older mice (data not shown). A phasic progression of OA was suggested by a previous study in humans where radiographic progression was related to changes in serial measures of serum COMP, as an OA biomarker [29] . Interestingly, we found that COMP, along with MMP-13, clustered with genes that were up-regulated during times of increased activity at 2, 4, and 16 weeks and were down-regulated at 8 weeks when activity was lowest. One potential explanation for a phasic process would be the maturation of osteophytes which have been proposed to stabilize the joint mechanics [30] . Our observation that chondrophytes had already formed by 2 weeks after surgery to destabilize the meniscus is consistent with the hypothesis that joint destabilization stimulates their formation. Increased expression of Bmp-1, TGFb2 and TGFb3 at the early time points is also consistent with their presumed role in stimulating osteophyte formation [31] . The stabilization, however, appeared to be transient because cartilage loss was marked at 16 weeks and gene expression was increased relative to 8 weeks.
There are important limitations to the present study. Because RNA was not isolated from individual tissues it is not possible to determine which specific tissue (cartilage, bone, meniscus, ligament, synovium) contributed to the changes in gene expression. Also, if a gene is expressed in a single tissue, pooling of tissues will reduce the signal to a lower level than what would have been observed in the individual tissue. That is the likely explanation for the overall lower levels of gene expression observed in the present study when compared to work using a single tissue. Based on the immunostaining for type III collagen, fibromodulin, and Prelp, as well as immunostaining for IL-33, periostin, and CCL21 reported in our previous study [6] , it appears that multiple joint tissues can be responsible for changes in gene expression consistent with the joint operating as an organ rather than as individual tissues. Therapeutic interventions for OA which target key processes occurring in multiple joint tissues rather than a single tissue should be more effective than those targeting a single tissue. Another limitation is that the DMM model may or may not reflect human OA disease pathogenesis. Certainly the histologic features in cartilage and bone are similar, but in human OA there may be more disease activity in the synovium than in the DMM model. Finally, we studied gene expression, and not protein production, and these do not always correlate. Immunohistochemical studies to assess changes at the protein level are not sensitive enough to detect differences noted at the level of gene expression, unless either the differences in expression are marked, or the protein being examined is only detected in diseased tissue and not in normal tissue.
Further studies will be needed to determine the importance of these findings for human OA. An important implication of the results is that the degree of response to an intervention given during a phasic process will depend on the timing of the intervention. Pre-clinical studies using animal models most often start the intervention at the same time or just after the start of the OA process while in human trials participants are likely to be at various stages of the disease process when the intervention is initiated. Finding markers of various disease stages in OA could be used to direct targeted therapy to the proper phase of the disease when the target is most active. 
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